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ABSTRACT
IONIC AND NONIONIC POLYMER GELS
SEPTEMBER 2008
JESSICA L. McCOY, B.S., UNIVERSITY OF PITTSBURGH
M.S., UNIVERSITY OF MASSACHUSETTS AMHERST
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Murugappan Muthukumar
A wide variety of applications from drug delivery and artificial tissues to sensors
and actuators require responsive, "smart" materials. Polyelectrolyte hydrogels show a
great sensitivity to stimuli in that small changes in electric potential, salt concentration,
or solvent composition can induce dramatic volume changes. These materials have
been shown to mimic the response of nerve and muscle tissue to identical stimuli. The
goal of this research is to use dynamic light scattering to catalog the effects of
molecular architecture and chemical environment on the properties of polymer
hydrogels. This will reveal the underlying physics of these systems, so that future
materials can be designed to exhibit desired, tunable responses.
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CHAPTER 1
POLYMER HYDROGELS
1.1 Introduction
Solution swelled polymer networks that are often more than 95 weight percent
solvent are ubiquitous in nature and are termed gels. The cell, for example, can be
simply modeled as a membrane enclosing a water swelled polymer gel. The gel mimics
the cytoplasm, which is a complex mixture of water, charged proteins, small molecules,
and other structures.
The cell's response to stimuli is controlled by structures and materials within the
cytoplasm. For example, heart muscle cells called myocytes contract in response to an
influx of calcium ions. This has been tracked visually in the hearts of genetically
modified mice that express in their myocytes a fluorescence probe requiring the
presence of calcium ions to fluoresce.'
Many of the stimuli to which muscle cells and other tissue respond originate
within the nervous system and are transmitted via electrochemical signals through nerve
cells. Nerve cells transmit electrochemical signals to every part of an organism. This
signaling is not fully understood, but appears to involve the controlled movement of
charge along axons to the destination.^ When they are not transmitting signals, these
cells have a resting potential of approximately -60 mV across their membranes, which is
maintained by ion pumps producing an ion gradient across the membrane. In mammals,
the concentration of sodium ions is 10 times higher in the extracellular matrix than
inside the cells, while the concentration of potassium ions is 30 times higher within the
cell compared to the concentration in the extracellular matrix. Changes in the
1
concentrations of these ions via gated channels within the axon membranes transmit
electrical signals along the axon at speeds up to 120 m/sec in vertebrates." Clearly, the
movement of ions as well as their interactions with cellular materials is of great
importance for understanding biological systems.
While all of these biological examples are too complex to fully understand with
current knowledge and techniques, the study of a simplified system can aid in gaining
insight into the important factors involved in their functioning. A synthetic system,
which offers control of various parameters, can act as a tool to enhance understanding
of the relationships between ion motion, material properties, and the competing forces
(elastic, electrostatic, osmotic, etc.) that govern the behavior of such complex materials.
One class of such synthetic systems is crosslinked polyelectrolyte gels swelled
with an aqueous solution. These systems have properties that can be tuned to mimic
various aspects of biological systems. One particular property that is tunable is the
elastic modulus, which can be set during synthesis through manipulation of crosslink
density. Another simple way to alter material properties is by controlling polymer
charge. The number of charges pendant to the polymer backbone can be controlled
through either copolymerization of charged and uncharged monomers or by the
hydrolysis of uncharged groups after gelation. The counterions associated with the
charged groups can also be replaced with ions of various valencies. These gels can be
swelled by water alone, by water containing various salts, or by a mixture of water and
miscible solvents.
Some gels change shape in response to the application of an electric potential.^'^
For poly(sodium acrylate) (PAANa) gels in an aqueous sodium hydroxide (NaOH)
2
solution, the shrinking and swelling behavior is dependent on NaOH concentration. In
solutions of high NaOH concentration (high pH) the gel swells at the anode side, but in
low concentration solutions the gel shrinks at the anode side.^' This behavior is due to
changes in osmotic pressure caused by the variation in ion distribution inside and
outside the gel.^ '' These gels can also bend when placed in a DC field, a example of
which is shown in Figure 1 .
1
Under certain conditions, small changes in stimuli can cause discontinuous
discrete volume changes. An example of this is shown in Figure 1.2. These two graphs
demonstrate the effect of the valence of the salt in the swelling solution for gels of
constant crosslink density and constant pendant charges. The salt concentration of the
swelling solution is plotted against the swelling ratio (p=(t)/(t)o), which is the final
equilibrium volume fraction of the network (([)) divided by the volume fraction of the gel
prior to hydrolysis {^q). All of the solutions are either pure water or a mixture of
acetone and water. For sodium chloride (NaCl) solutions, discontinuous volume
changes appear with acetone compositions of 50%. Solutions of magnesium chloride
(MgClo) produce these changes at an acetone content of 30%. Notice that the
discontinuous volume changes occur over very small ranges of salt concentration. The
differences in osmotic pressures produced by monovalent and divalent ions appear to
account for the difference in solvent composition required for collapse.^ The amount of
time required for equilibration is dependent on gel size and shape, diffusion coefficients
of the ions present both in the system and swelling solvent, and other factors. The
J
kinetics of the swelling and shrinking of gels has been explored by Tanaka and others.
"
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' Equilibration times range from seconds to days depending upon the gel and the
solvent conditions."*'
The sensitivity to stimuli observed in volume change of gels is relevant to
biological systems, which operate under strong temperature, pH, and salinity constraints
and must respond to small variations in their environment. Dramatic volume changes
have been demonstrated by Tasaki"' as a result of the exchange of Na^ ions for Ca"^
ions, driven by an applied electric current across a sharp interface - a thin fiber of
crosslinked swollen polyacrylate gel (see Figure 1.3). This phenomenon has been
compared to the monovalent-divalent cation exchange associated with the flow of
electricity through nerve cells, which is a critically important process in nerve
excitation." The cortical layer of a squid axon has been shown to exhibit similar
volume transitions between the calcium rich (resting) state and the sodium rich (active)
state induced by the application of electric current pulses when sandwiched between an
external calcium salt solution and an internal sodium salt solution. All of the nerve
fibers and cells examined by Tasaki underwent these swelling transitions as a result of
the production of action potentials (switching from resting to active state).''"
In addition to the work of Tanaka^ and Tasaki" in characterizing the effect of
the valency of the positive salt ions (Na^ versus Mg^^ or Ca"^^) in the aqueous swelling
solution, Thiel et al.'"* have conducted studies showing the effect of the valency of the
negative salt ions (particularly CI" versus HP04~"). At high salt concentrations the
polyacrylamide gels (formed in water) swell in the presence of KCl or NaCl. When the
monovalent CI" is replaced by a divalent UPOa^' (by using K2HPO4 or Na2HP04), the
4
gels shrink.''' This too may have biological implications as the multivalent cations
involved in signaling have anions associated with them.
Ion flux into, out of, and within cells, particularly of Ca , has also been shown
to be extremely important in plants. These changes in Ca"" concentration participate in
the regulation of the directional growth of pollen tubes,' '^" the depolymenzation of
microtubules during cell division,'^ and photosynthesis.'^
In addition to contributing to the understanding of the fundamental physics
governing biological systems, crosslinked polyelectrolyte gels also have potential as
"smart" materials. Their sensitivity to stimuli makes them ideal candidates for a variety
of applications, some of which have been explored in the literature. These include
sensors, switches, actuators, artificial muscles, capture devices and controlled release
4. 17-25
systems.
1.2 Current Work in the Literature
1.2.1 Swelling and Shrinking of Gels
1.2.1.1 Overview
The discontinuous volume changes experienced by these gels in response to
stimuli can be thought of as a phase change between a swollen and a collapsed phase.
This volume change is usually reversible with the exception of systems with hydrogen
bonding and strong hydrophobic interactions between polymer segments. A system
explored by Annaka et al.^^ displays four distinct degrees of swelling as a result of
temperature and pH changes. The phase behavior is dependent on which phase the gel
has most recently experienced."^
»
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In addition to the systems described in the introduction, a variety of other
systems and the landscape of stimuli to which they respond have been explored. These
systems include crosslinked gels made from polyacrylamide, poly(N-
isopropylacrylamide), poly(acrylic acid), and their copolymers. Stimuli that induce
phase behavior include structural differences in the gels (crosslink density and polymer
charge density) and environmental differences (temperature, solvent polarity, ionic
strength, counterion valency, pH, and the presence of an external electric field)."*'^'
^'
Simulation work has also been conducted for polyelectrolyte gels, which,
although idealized, explore analogous situations and predict behavior qualitatively
commensurate with experimental data."*'"^^
Variation of these stimuli represents an exploration of the forces governing gel
phase behavior. At equilibrium there is a balance between the positive pressure of the
counterions (in charged systems), a negative pressure due to polymer-polymer affinity,
and the rubber elasticity of the polymer network. In an electric field there is an
additional stress gradient along the field lines produced by the electric forces on the
mobile counterions and the charges bound to the network." This is described by a
mean field theory of gels in an electric field^^'"*' that is based on Flory's mean field
theory for gels.
1.2.1.2 Changes in Solvent Quality
In many cases, variation in solvent quality, by mixing of solvents with non-
solvents or mixing good solvents with poor solvents, and changes in the temperature of
the system produce analogous results, as both produce a change in the Flory interaction
6
parameter. Both of these have been explored, often in parallel, during the
characterization of the phase behavior of nonionic and ionic gels.
For nonionic poly(N-isopropylacrylamide) (PNIPA) gels that were swollen with
dimethylsulfoxide (DMSO)/water solutions, a discontinuous volume decrease was
observed at 33% DMSO and a reswelling was observed above 90% DMSO. The re-
swelled gel had a lower degree of swelling than the gel prior to the shnnking transition
(Figure 1.4)."^
Closed-loop phase behavior has also been reported for charged versions of
PNIPA in DMSO/water solutions. The size of the loop can be altered by varying the
network structure of the gel.^"^ There were no discontinuous changes observ ed for
polyacrylamide (PAM) gels with the same crosslink density. '° According to mean field
theory.'"' whether a volume change is continuous or discontinuous is dependent on a
single parameter (S), where the persistence length (b) over the effective radius (a)
represents the stiffness of the pohoner chain, and the parameter / denotes the number
of ionizable groups per effective chain. For a discontinuous transition, S must be
greater than 290 for a chain to be sufficiently stiff and/or to have a sufficient number of
ionizable groups.
The difference in the reaction of the two nonionic polymers (PNPA and PAM)
to changes in solvent (see Figure 1.4) lies in their stiffness. PNIPA is sufficiently stiff
to undergo a discontinuous transition. '°
PNIPA gels are shown to have a similar shrinking behavior at increased
temperature"^ due to their lower disorder-to-order transition (LOOT) behavior, although
1.1
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closed-loop behavior was not reported. Reswelling has been postulated to occur at
temperatures between 160°C and 170°C for PNIPA gels swelled with water.^^ This
temperature range, however, is an experimentally inaccessible region due to the boiling
point of water (100°C) at atmospheric pressure. This behavior is in direct contrast to
the swelling observed in ionized gels with increased temperature,"^ showing the
importance of molecular structure to behavior.
To understand the effect of crosslink density in gels undergoing changes in
temperature, high sensitivity differential scanning calorimetry (HSDSC) studies,
utilizing a pseudo-equilibrium heating rate determined previously,^^ were performed on
nonionic PNIPA of varying crosslink densities swelled in water. These results are m
agreement with predictions based on the mean field theory of polymer gel collapse,
including that the increased crosslink density decreases the phase transition (gel
collapse) temperature and broadens the transition. This change in structure does not
significantly affect the enthalpy, entropy, or heat capacity increment of the transition,
indicating the formation of a hydrophobic core upon collapse. Because only a small
portion of the matenal participates, the interior structure of the collapsed gel is largely
unaffected by crosslink density. The main factor in collapse appears to be the favorable
interactions of the polymer units (van der Waals interactions and/or hydrogen bonding)
in the collapsed state, which stabilize the collapsed state. Based on HS-DSC data^"^
and theoretical work,^" it has been proposed that these transitions occur via spinodal
decomposition.^^
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1.2.1.3 Charge Density on Polymer Chain
For cylindrical poly(acrylamide-co-acrylic acid) (PAM-PAA)gels swelled in
pure water or varied mixtures of acetone and water, the amount of charge pendant to the
backbone lowers the percentage of acetone required to produce a discontinuous volume
change. In the absence of charge, for PAM gels, or for gels with low amounts of the
acrylic acid component, the volume change is continuous. For gels with 25% charged
groups (the maximum amount reported for this synthetic method), the acetone
composition required for discontinuous collapse is about 22%. Analogous results are
found when decreasing the temperature for a gel swelled in an acetone solution of
constant composition. Both solvent and temperature changes produce reversible
collapse.'"
Nuclear magnetic resonance (NMR) smdies of PNIPA and PNIPA-PAANa
random copolymers reveal that ionic gels have a heterogeneous structure consisting of
both stiff and mobile portions, whereas the analogous uncharged gels have a
homogenous structure. As expected, the mobility of pendant groups significantly
decreases with collapse.^"*
1.2.2 Light Scattering of Gels
1.2.2.1 Overview
Both static and dynamic light scattering have been used to study the structure
and behavior of polyacrylamide gels since the 1970's/'''^' The static scattering has
been used to characterize the nonergodic character due to static inhomogeneities " and
to obtain the longitudinal elastic modulus'*^. Dynamic light scattering captures the
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cooperative diffusion coefficient that characterizes the density fluctuations within the
gel^'^" This diffusion coefficient is related to the bulk modulus and the correlation
length, two important characteristics of these materials.
1.2.2.2 Neutral Homopolymer Gels: Polyacrylamide (PAM) and Poly(N-isopropyl
acrylamide) (PNIPA)
Tanaka et al. completed some of the first dynamic light scattering experiments
of poly acrylamide (PAM) gels and detailed their analysis and interpretation^'. Their
work assumes that the inhomogeneities contribute to the overall scattering of the gel,
making it nonergodic. These heterogeneities are assumed to only contribute to the static
portion of the gel scattering, while not contributing to the dynamic portion. They found
that the cooperative diffusion coefficients for these materials were on the order of 10'^
cm^/s. Hecht and Geissler reported that the diffusion coefficient varies as c^^^^^^
where c is the concentration^"*. Fang et al. observed the scaling of the correlation length
with concentration and its dependence on crosslink density using dynamic light
scattering. They also observed the dependence of the longitudinal elastic modulus on
polymer concentration."^ In all of the above works, polymer concentration was
controlled, and most of the gels were not swelled to equilibrium with excess solvent.
For gel swelled to equilibrium the diffusion coefficient continued to scale with
59
concentration.
Furukawa et al.^° examined gels in their as prepared state and after they had
been swelled to equilibrium with excess solvent. It was found that concentration of
monomer during preparations strongly influenced the size and number of
inhomogeneities within the gels and that swelling increased the number of most
10
inhomogeneities. The notable exception was the nanometer scale inhomogeneities for
gels prepared with high monomer concentration. They report a dependence of the
diffusion coefficient on polymer concentration of 0° where 0 is the volume fraction.
Another nonionic homopolymer gel that is widely studied is poly(N-isopropyl
acrylamide) (PNIPA) by Shibayama and many others. This material differs from
the polyacrylamide by the hydrophobic chain that is attached to the pendent amide.
This group gives the material a lower critical solution temperature (LCST) and makes it
resistant to hydrolysis, which forms acrylic acid groups from the amide groups in
polyacrylamide gels. Its stability, particularly to high pH, has been one of the benefits
to using this material. By dynamic light scattering these gels were also shown to have
cooperative diffusion coefficients that were on the order of 10"^ cm"/s.^^ Below their
transition temperature, the behavior of these materials is qualitatively similar to that of
PAM gels.
Both types of nonionic gels have been show to have significant
heterogeneities,"'^^" which do affect the fluctuating portion of the scattering. As a result
a number of treatments for handling the effects of these heterogeneities on the scattering
have been developed"^' '^^ These treatments are more complicated than Tanaka's
treatment" ' and require scattering data collection from a large number of points as well
as combining time-average intensity data with dynamic scattering data to obtain the
desired information.
1.2.2.3 Ionic Homopolymer Gels: Poly(acryiic acid)
Both the static and dynamic light scattering of ionic poly(acrylic acid) gels have
been studied. Moussaid et al.^*^ have shown that these materials are homogeneous at the
1
1
scale of the wavelength of light and behave as ergodic media. They also noted that the
variations in the cooperative diffusion coefficient for variations in concentration and
ionization degree were the same for gels and equivalent solutions. The equivalent
solutions had identical concentrations of uncrosslinked polymer. This was followed by
neutron scattering studies that showed that the gels were characterized by a periodic
structure with no large scale heterogeneities and that the non-ergodic character
increases with increased crosslink density and/or decreased ionization^'. The work of
Yazici and Okay^^ agrees with this observation.
Schosseler et al.^^ explore the response of the diffusion coefficient to degrees of
ionization and salt for gels of constant crosslink density. Increases in the degree of
ionization increase the diffusion coefficient, whereas increases in salt concentration
decrease it. They also observe that the diffusion coefficient is insensitive to crosslink
density for a given polymer concentration, as also seen in the ionic gels. Skouri et al.^'*
also explore the role of degree of ionization and salt in the behavior of the diffusion
coefficient and report similar results to those above.
1.2.2.4 Ionic Copolymer Gels: Poly(N-isopropyl acrylamide) - co - Poly(acrylic
acid) (PNIPA-PAA) and Polyacrylamide - co - Poly(acrylic acid) (PAM-
PAA
Shibayama and others have extensively studied the behavior of PNIPA-PAA
gels in various conditions including the dependence of the microstructure on
temperature, pH, and salt.^'^^' ^^'^^ These gels, due to their hydrophobic pendent
groups, exhibit a lower critical solution temperature (LCST) which can be observ ed the
scattering behavior as well as through volume changes. *^ The presence and effect of
heterogeneities has also been explored using a nonergodic method of data analysis.^^
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For these systems heterogeneities increased with increasing crosslink density, and even
the dynamic portion was shown to have position dependence. This is attributed to
differences in local gel concentration and/or crosslinking density.
Polyacrylamide-co-poly(acrylic acid) (PAM-PAA) gels differ significantly
from PNIPA-PAA gels because the nonionic groups in the PAM-PAA gels do not have
the hydrophobic N-isopropyl moiety attached to the nonionic pendent groups. PAM-
PAA gels do not exhibit the LCST behavior that is observed in PNIPA-PAA gels.^^
Milimouk et al.^*^ explore a commercial sample of PAM-PAA and compare the
cooperative diffusion coefficient (D) of this sample via dynamic light scattering (DLS)
to values of D obtained from deswelling measurements. These measurements are in salt
free conditions. They observe that at low polyelectrolyte concentration the D measured
by mechanical methods is significantly lower than that measured by DLS. Additional
work has been done on the hydrolysis ofPAM networks, which reveals that hydrolysis,
which creates ionic copolymer PAM-PAA gels from the PAM gels, reduces the
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heterogeneity and homogenizing the gels.
1.3 Purpose
The volume change behavior has been well studied through swelling
measurements by Tanaka and others. The physics of this change has been described as
a balance of competing forces."^' Changes can be induced by varying crosslink density,
polymer charge density, solvent, pH, salt concentration, and counter-ion valency
changes.^' ^' ^' At equilibrium, the forces must sum to zero; however, depending
on the regime, different forces should dominate the macroscopic material properties and
behavior.
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Tanaka and others have also explored dynamic light scattenng on aqueous gel
systems showing the molecular response of the materials. Scattering changes occurring
simultaneously with volume change are of great interest. Tanaka and Hecht focused
their light scattering efforts on PAM gels.^'"^' Others focused on neutralized PAA
homopolymers.^^-
^^''^^
There are numerous papers on PNIPA^^' ^^'^^ and PNIPA-
PAA^^ scattering as well as a few on PAM-PAA copolymers in salt free conditions'^.
PAM-PAA gels differ from the PNIPA-PAA materials in that they do not contain
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hydrophobic pendant group and, as a result, do not exhibit a LCST behavior. What is
lacking is an extensive study of the effects of salt/ionic strength, pH, temperature, and
molecular architecture on the scattering of PAM-PAA gels that have a well
characterized structure and that are equilibrated with the solution in which they are
swelled. This work is a fundamental study that aims to fill that gap in knowledge
concerning these types of materials.
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Figure l.I : Polv (sodium acrylate) (PAANa) gel in an NaOH solution swells to the
anode side and bends toward the cathode side in a DC electric field"*
Figure 1.2: Sw elling solution composition versus the degree of sw elling for gels in
solutions of salt (NaCl in (a) and MgCb in (b)), acetone, and w ater. The
percentage of acetone is given for each data set and salt concentration is shown on
the y-axis.^
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Figure 1.3: Schematic of the experimental setup (top image), spreading of swollen
portion of the gel into the shrunken portion ov er time after onset of electric
current (lower three images)"
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Figure 1.4: The degree of swelling for poly(N-isopropylacrylamide) (PNIPA) gels
(open circles) and polyacrylamide gels (PAM) (filled circles) in mixtures of w ater
and dimethylsulfoxide (DMSO)
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CHAPTER 2
SYNTHESIS AND CHARACTERIZATION OF POLYMER HYDROGELS
2.1 Introduction
Polyacrylamide gels have been used for decades in a variety of applications such
as gel electrophoresis, and their facile synthesis via free radical polymerization is well
documented." ' ' The reactants include the monomer, acrylamide, and the
crosslinker, N,N'-methylenebis(acrylamide). The resulting crosslinked homopolymer
gel can be modified by the addition of sodium hydroxide, which hydrolyzes the pendant
amide groups to form acrylic acid groups. This synthesis is used to make nonionic gels
of known crosslink density as well as ionic copolymer gels with matched crosslink
density and varied charge density.
The gel structure is characterized by three techniques: swelling studies, solid
state nuclear magnetic resonance, and rheology. Swelling studies and Flory-Rehner
Theory gives the crosslink density, which is reported as repeat units between crosslinks
(Mc). Solid state '^C nuclear magnetic resonance allows for the characterization of the
percentage of acrylic acid pendant groups (AA%) for the copolymer ionic gels. Parallel
plate rheology gives both the storage and loss moduli (G' and G"), which characterize
the viscoelastic character of the gel.
2.2 Materials and Methods
2.2.1 Materials
Double distilled water (purified with a MilliQ unit) with a resistance of 18.2 mQ
was used for all gel synthesis and solutions. Nitrogen gas was bubbled through the
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water prior to use to prevent the oxygen from disrupting the reaction. Acrylamide:
N,N'-methylenebis(acrylamide) 40% solutions (AM:BIS solutions), tetramethyl
ethylene diamine (TEMED), sodium chloride, calcium chloride, tris (hydroxymethyl)
aminomethane, hydrochloric acid, sodium hydroxide, and ammonium persulfate were
used as received from Sigma Aldrich. The ammonium persulfate was dissolved in
degassed, double distilled water to form a 10% w/v solution.
2.2.2 Gel Synthesis
2.2.2.1 Preparation of Uncharged Polyacrylamide (PAM) gels
The polyacrylamide gels were synthesized via a free radical polymerization at
room temperature in water. The synthesis followed and described below is found in
The Sourcebook: A Handbook for Gel Electrophoresis and is used by Tanaka" . In the
synthesis of the polyacrylamide gels two quantities are important. These are T%,
weight of monomers (AM and BIS) per 100ml of gel solution, and C%. the ratio of the
weight of crosslinker (BIS) to the total weight of monomers. T% was kept constant at 5
and C% was varied. Their calculation is shown in equations 2.1 and 2.2.
lOOw/
MC% = *100% 2.2
Mam is the mass (grams) of acrylamide added, Mbis is the mass (grams) of BIS
added, and 100 ml is the total volume of the reacting solution. According to Bansil et
al., gels with a C% greater than 4 become turbid and have large scale heterogeneities.
Evidence from IR studies suggests that these may be caused by clustering of the BIS
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groups. As a result PAM gels with a C% lower than 4 are considered separately from
the gels with a C% greater than 4 for the scattering studies in this work. The
copolymers produced from these gels are considered in the same sections as the PAM
gels from which they were produced.
Degassed, double distilled water (200 ml) was stirred while 37.5 ml of the
AM:BIS solution, 2.1 ml of the 10% w/v ammonium persulfate, and 105 |il ofTEMED
were added. Additional degassed, double distilled water was added to bring the volume
to 300 ml total (60.3 ml). The solution was immediately poured into a tray in which all
the gels were cast, covered, and allowed to react for two hours at room temperature.
The gel, which had a thickness of approximately 1 mm and surfaces that were smooth
by eye, was then removed from the tray. It was cut into pieces and washed with large
volumes of double distilled water to remove any un-reacted components, thereby
halting the reaction. It is particularly important to remove residual TEMED because it
is knowm to hydrolyze PAM gels over time during storage. An illustration of the
reaction components is shown below in Figure 2. 1 . AM:BIS solutions of two AM:BIS
ratios (29:1, and 37.5:1) were used to produce gels of two different crosslink densities
with a C% of 3.3 and 2.6 respectively. An AM:BIS solution with a ratio of 19:1 was
used to produce a gel with a high crosslink density and a C% of 5. The ratios used to
produce each material are summarized in Table 2.1.
The gels were stored in double distilled water in the dark to prevent additional
reactions or degradation. The gel batches were divided and one portion was retained as
a reference uncharged gel. The other portions were converted to charged copolymer
gels.
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2.2.2.2 Preparation of charged PoIyacrylamide-poly(acrylic acid) gels (PAM-PAA)
Each batch of the PAM gel was hydrolyzed using a 0.01M NaOH solution
which was changed periodically over a period of days, as shown in Figure 2.2. The
reaction is slow at room temperature, and longer reaction times lead to a higher
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percentage of acrylic acid groups with a maximum possible of 25%. ' The gels were
then washed multiple times with double distilled water to remove any residual base and
to halt the conversion of acrylamide groups. The number of days of hydrolysis for each
matenal that was synthesized is summarized in Table 2.1. The gels were stored in
double distilled water in the dark to prevent additional reactions or degradation.
2.2.3 Characterization of Materials
2.2.3.1 Crosslink Density by Swelling Experiments and Flory-Rehner Theory
The dry density of the acrylamide gel was measured using pentane
displacement. To calculate the molecular weight between crosslinks each gel was
weighed while swelled to equilibrium in water at room temperature. The gels were then
freeze dried to remove all of the water, and the dry sample weight was measured. The
volume fraction ((])) and the molecular weight between crosslinks (Mc) were calculated
using equations 2.3 and 2.4 from Flory-Rehner theory.^^"^^ Molecular weights between
crosslinks are reported in repeat units and are expected to remain constant throughout
hydrolysis to convert the PAM gels to the PAM-PAA copolymer gels, because sodium
hydroxide is know to only affect the pendent amide groups.
-I
0= 1 +
P.
2.3
h J
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=-clV\0'\\n{\-0) + 0 + %f-y 2.4
Ma = mass of dried hydrogel, M/, = mass swollen hydrogel, = molar volume
of solvent taken up in swelling, df, = p,, = Density of dry polymer
2.2.3.2 '^C Solid State NMR ('^C SSNMR)
The solid state NMR spectra were obtained with a Bruker DSX300 NMR,
operating at a 'H frequency of 300MHz. The gel sample was freeze-dried. ground to a
powder, and packed into the rotor. Packing was accomplished by packing a layer of
powdered polymer gel, adding a few drops of double distilled water and repeating until
the rotor was filled. The samples were spun at spin rates between 1000 and 1500 RPM.
Higher spin rates could not be achieved due to the nature of the gel material.
2.2.3.3 Rheology
Shear storage (C) and loss (G") moduli were obtained using a strain controlled
rheometer (ARES, TA Instruments) with a 25 mm diameter parallel plate fixture. A
frequency sweep from 0. 1 to 1 Hz was performed at a shear strain of 0.5%, which is in
the linear viscoelastic region. Due to the softness of the material, higher strains risked
destroying its structure. Frequency sweeps were limited to one decade because
frequencies higher then 1 Hz began to show gel instabilities and frequencies below 0.1
Hz required an experimental time that allowed for measurable amounts of water loss
from the gels. Water loss resulted in artificially high values for the modulus as well as
apparent frequency dependence
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2.3 Results
2.3.1 Gel Structure
Figure 2.3a is the '^C SSNMR spectrum of a PAM gel and Figure 2.3b is the '^C
SSNMR spectrum for a PAM-PAA gel. The acrylic acid content was calculated from
the relative ratio of the areas of each of the relevant peaks (labeled 5 and 6 in Figure
2.3b). The acrylic acid content and crosslink density from the swelling studies and
Flory-Rehner Theory for all of the materials produced are summarized in Table 2.1.
2.3.2 Gel Rheology
Figures 2.4 and 2.5 show G ' and G " for representative nonionic (2.4) and ionic
gel samples (2.5). The frequency independence of the moduli is typical of a chemically
crosslinked gel.^"*' Figure 2.6 shows the values of G ' for the nonionic gels compared
to the ionic gels. Notice that the ionic gels are significantly softer than the nonionic
gels and that the moduli for all of the gels are low compared to other crosslinked
polymer material^"^. Higher crosslink density (lower Mc) increases storage modulus as
expected. The average plateau values for the materials in Figures 2.4, 2.5, and 2.6 as
well as a summary of the other rheological parameters are shown in Table 2.2. These
results appear to be in agreement with rheology performed on PAM and PAA
homopolymer gels.^^ As in the work by Trompette*^^, G ' was observed to be
independent of frequency in this range, the norm of the complex shear modulus (|G*|)as
calculated by equation 2.5 is close to G ', and the tangent of the loss angle (5) from
equation 2.6 falls within the reported values.
2.5
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The ratio of GIG" give the ratio of the elastic (or sohd-Hke) component to the
viscous (or fluid-Hke) component. All of the gels have a ratio that is greater than 1
,
indicating that the elastic portion is more prevalent. The nonionic gels have G IG " that
are greater than 10, which is typical of permanent gels.*^^ The ionic gels have more
fluid-like character with ratios between 5 and 9, with the exception of one sample. The
ionic gels have volume fractions {(P) from 0.003 to 0.001 in water at room temperature.
Compared to the volume fractions of the nonionic gels, which are from 0.055 to 0.041
in water at room temperature, the ionic gels have an order of magnitude less polymer
per unit volume. The lower volume fraction of the ionic gels agrees with their lower
storage moduli and more viscous character.
2.4 Conclusions
Polymer hydrogels of well controlled and varied architecture have been
synthesized and characterized. These materials are used in the following dynamic light
scattering studies that are detailed in Chapter 3.
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Crosslinker:
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Figure 2.1: Illustration of the formation of Nonionic (AA% = 0) PAM Gels
Polymer Backbone
Pendant Groups h,n-^^ H;N-^^ h.s^\^ H;N-^^
1 Hydrolysis (pH 12 solution)
-CONH. - H20 -COO " - NH,
"^^-^o "^^-^o Charged Gel
Poly(acrylamide-co-acrylic acid) Gels (PAM-PAA)
Figure 2.2: Illustration of the formation of ionic PAM-PAA Gels
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Figure 2.3: a) 13C NMR of a polyacrylamide gel b) 13C NMR of a polyacrylamide-
poly(acrylic acid) gel
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Table 2.1: Details of Materials Synthesized
Polymer Gel
AM: BIS
Feed Ratio
Total Days
Hydrolysis
Mc
Repeat Unit
O / 4 4./oAA
55AiM 19:1 0 77 0
55AM15AA 19:1 14 77 15
55AM25AA 19:1 28 77 25
67AM 29:1 0 95 0
67AM5AA 29:1 -) 95 5
67AMH 29:2 5 95 11
67AM 1 7AA 29:1 14 95 17
67AM20AA 29:1 28 95 20
92AM 37.5:1 0 130 0
92AM6AA 37.5:1 -1 130 6
92AMH 37.5:2 5 130 8
92AM 1 7AA 37.5:1 14 130 17
92AM16.AA. 37.5:1 28 130 16
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Figure 2.4: Room temperature frequency sweep at 0.5% strain at for showing the
relative independence of the storage (G') and loss (G") moduli with frequency for
nonionic polyacrylamide (PAM) gels
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Figure 2.5: Room temperature frequency sweep at 0.5% strain at for showing the
relative independence of the storage (C) and loss (G") moduli with frequency for
ionic polyacrylamide-co-poly(acrylic acid) (PAM-PAA) gels
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Figure 2.6: Storage moduli (C) for nonionic Polyacrylamide (PAM) and ionic
polyacr\ianiide-co-poly(acryIic acid) (PAM-PAA) gels obtained at 0.5% strain
and room temperature
29
Table 2.2: Summary of Rheo ogy on Synthesized Gels
IVtnlpnilar Weipht
hpfw'ppn Crosslinks
\tr f^Rf*nf*at l.'nits^
Percent Acr\'lic
Acid rAA%)i^KVl\A ljm.j^fc / Vf
Storage Modulus
G' (kPa)
Loss Modulus
G" (kPa)
IG*I GVG" tan S
55AM 77 0 2.0 0.10 2.0 20 0.0
55AM15AA 77 15 0.9 0.22 0.9 4 0.2
55AM25AA 77 25 1.1 0.19 1.1 6 0.2
67AM 95 0 1.7 0.08 1.7 22 0.0
67AM5AA 95 5 0.8 0.09 0.8 9 0.1
67AM 17AA 95 17 0.7 0.1
1
0.7 7 0.2
67AM20AA 95 20 0.8 0.24 0.8 3 0.3
92AM 130 0 1.3 0.09 1.3 14 0.1
92AM6AA 130 6 0.8 0.06 0.8 15 0.1
92AM 17AA 130 17 0.7 0.08 0.7 9 0.1
92AM 1 6AA 130 16 0.7 0.09 0.7 8 0.1
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CHAPTER 3
DYNAMIC LIGHT SCATTERING OF POLYMER HYDROGELS
3.1 Introduction
Dynamic light scattering (DLS) has been used to characterize density
fluctuations in polyacrylamide gels since the 1970's^'"^'. It has been used to explore the
gelation of PNIPA gels and the time dependent fluctuations present in these gels. DLS
is a photon correlation spectroscopy that measures a decay rate which has an angular
dependence. From this a cooperative diffiision coefficient (D) can be obtained. This D
is related to the gel modulus, the friction coefficient, and the correlation length.
Measurements ofD probe both the ratio of the modulus to the friction coefficient and
the pore size, which is related to the correlation length. Studies of changes in D to
various stimuli relate the microscopic length scales probed to the response of the gel to
the stimuli.
3.2 Theory
A coherent light source, laser light, illuminates a small volume of the gel, which
scatters light in all directions. The scattered light intensity is measured over time by a
detector located angle 0, as shown in Figure 3.1. The intensity of the light fluctuates
with time due to density fluctuations within the gel. The correlator takes these intensity
measurements {I{qJ) ) and constructs an autocorrelation function shown in equation
3.1, where q is the scattering vector given by equation 3.2. The angle of the detector is
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6, n is the refractive index of the solution, and X is the wavelength of the light source.
99
98,
(l(q,l)I(q,t + r)
_
q = ——sin
X
3.1
3.2
Using the Siegert relation in equation 3.3 and the definition of the characteristic
decay rate distribution function G(r) in equation 3.4, one can relate the autocorrelation
function to G(r) as in equation 3.5. G(r) is defined as the electnc field time correlation
function g"*(r) for a polydisperse system.
g
g<'>(r)= jG(r)exp[-rr]^/r
3.3
3.4
3.5
G(r) can be evaluated by taking the inverse Laplace transform (ILT) of g^'\t)
.
CONTIN, a method for ILT of g*''(r) , is widely used and is an acceptable method for
representing the distribution of F.''^' ^' Because it is derived from the Seigert
relation,^"* equation 3.5 is only valid for ergodic media. For nonergodic media, such as
polymer gels, g'^'(r) has both homodyne and heterodyne components as written by
equation 3.6, where X is the ratio of the fluctuating component, {lf.\ , to the total
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intensity, (/)^ , where (...)^ indicates a time average. Equation 3.6 is referred to as the
partial heterodyne method.
g'^'(r) - 1 = X'{g''\T)f + 2X{\ - A')g"'(r) 3.6
According to Norisuye et al.
,
the G(r) defined in equation 3.4 differs shghtly
fi"om that given in equation 3.5 for the case of nonergodic media. For example, g*'*(r)
and g*''(r) give characteristic decay rates of F and 2r respectively. As stated in their
work, this difference by a factor of 2 is not significant in evaluating G(F). From this the
G(r) obtained from equation 3.5 is analyzed for the gels in this work by CONTfN
analysis.
Rationale for the above and for the following treatment is given by Tanaka et
al.^' They state that although the inhomogeneities in the gel contribute to the total
scattered intensity, their contributions are time independent and do not contribute to the
fime dependent portion of the correlafion fiincfion. A restatement of the key assumption
is the following: Although the total scattering is nonergodic, the time dependant,
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fluctuafing portion can be treated as ergodic. For ionic gels, Moussaid et al. give
credence to this assumption. They compared the time and ensemble averages of the
correlation function of the scattered intensity for ionic poly(acrylic acid) homopolymer
gels. They showed that the gels behave like ergodic media, which is in contrast to what
is observed in nonionic gels. The ionic gels studied by Moussaid et al.^° can therefore
be treated as ergodic. One would expect PAM-PAA copolymers, which are the focus of
this work, to behave in a similar fashion due to the presence of pendant charges and the
absence of the hydrophobic pendent groups present in polymer like the PNIPA-PAA
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copolymers. Hydrolysis of nonionic PAM gels to form PAM-PAA gels is known to
89
decrease their heterogeneity and thereby decrease any nonergodic nature.
There are a number of more complex treatments of the analysis of correlation
functions in the literature that take into account potential contributions of the
57 58 68 69
inhomogeneities to the dynamic portion of the scattering, ' ' ' including the partial
heterodyne method shown in equation 3.6."^" ^'^ \n the case that the assumption that the
heterogeneities do not contribute to the time dependent scattering is inorrect, the D
reported would not be solely related to the gel modes, but might actually include
motions of the large scale heterogeneities that are coupled by short lengths of polymer
chains. This has been shown to be true for nonionic gels and ionic gels with significant
11 u u- • * *• 57,58,67-69,84hydrophobic interactions.
The polyacrylamide (PAM) gels that are used as a nonionic control systems fall
into the above category. The PAM gel used to make the polyacrylamide-co-
poly(acrylic acid) (PAM-PAA) gel discussed in section 3.4.2 is of particular concern. It
has a C% > 4 (Equations 2.2) and is slightly turbid. This indicates that there are
heterogeneities that are large and numerous enough that the amount of scattered light
can be detected by eye. The use of a lower power laser does allow for the measurement
of a correlation function. The turbidity indicates that the heterogeneities in the PAM
gel are likely to be so large and so numerous that the assumption of the time
independence of their contribution to the total scattering may be invalid. The D
reported may not be solely related to the gel modes, but may actually include motions of
the large scale heterogeneities that are coupled by short lengths of polymer chains.
However, since the purpose of the examining the scattering of the nonionic systems is
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for qualitative comparison of an ionic (charged) gel to a nonionic gel (neutral) gel, the
existence of a linear F versus q" dependence allows the calculation of an apparent D.
This D and its dependence on acrylic acid content, salt content, ionic strength, and
temperature are reported with the above caveats.
Despite concern about the nonionic gels, it is believed that for the systems of
interest, the ionic PAM-PAA gels, the assumption that the heterogeneities do not
contribute to the time dependent portion of the scattering is valid. Therefore Tanaka's
treatment of the dynamic light scattering data is sufficient for this work. In the case that
Tanaka's treatment^' is too simple, the fundamental behavior of the response of the
materials would be captured, even though the absolute values ofD would be incorrect.
It was shown by Tanaka el al"^' and widely used by others''^" that for both
nonionic and ionic gels g^~\T) for polymer networks in a solvent can be given by
equation 3.7, where aj is the initial amplitude of g*"'(r) , and To is the characteristic
rate of cooperative diffusion within the gel. The value of F, which was obtained via
CONTIN analysis of equation 3.5 and which is used to calculate the D reported
throughout this work, is related to Fo via equation 3.8.
g''\T)-\ = <jjcxp[-2r,T] 3.7
F = 2Fo=- 3.8
r
Fo IS related to the cooperative diffusion coefficient (Dg) by equation 3.9. Dg is
related to the bulk modulus of the gel (G) and the friction coefficient {f) by equation
3.10, as well as to the correlation length (^) via equation 3.11. Tanaka states that the
correlation length is the pore or mesh size. In equation 3. II r) is the viscosity of the
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solvent, T is the temperature, and kg is the Bohzmann constant. The D reported in this
work is related to Dg via equation 3.12.
r.=D,9^ 3.9
D =- 3.10
' /
k T
D = ' 3.11
D = 2D^ 3.12
A brief summary of the above analysis follows. F from equation 3.8 is
calculated by CONTESf and is graphed with respect to q^ (equation 3.2). The slope of
this line is the D which is reported. The measured D is related to the modulus and the
correlation length via equations 3.10, 3.1 1, and 3.12
3.3 Experiments
3.3.1 Sample Preparation
The gels in aqueous solutions were equilibrated in the solution of interest for at
least two days prior to experimentation. All pH 7 aqueous solutions were in pH 7 10
mM tris(hydroxymethyl)aminomethane (Tris) buffer. Aqueous buffers of other pH
were purchased and used as received from Fisher Scientific (pH 3, 4, 5, and 6) and
Sigma Aldrich (pH 1 and 2). The gels in acetone/water solutions were equilibrated for
at least 10 days due to the slow kinetics of the volume change for that system as
reported by Tanaka.^ All gels were packed into 10 mm diameter borosilicate glass
tubes, topped with excess solution to ensure that they remained swelled to equilibrium
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regardless of temperature, and sealed. They were also allowed to equilibrate at the
experimental temperature for two hours prior to measurement.
3.3.2 Dynamic Light Scattering
Dynamic Light Scattering (DLS) was measured using an ALV goniometer
(ALV, Langen Germany) instrument which had an ALV-5000/E correlator equipped
with 288 channels. A 2W argon Laser (COHERENT), X = 514.5 nm, was used as the
light source. The working power range was adjusted for each sample. Scattering
intensity was measured at angles between 30° and 70°, corresponding to a scattering
wave vector, q, range between 8.41x10^ and 1.86 x 10^ m"'. The scattering wave vector
is defined as equation 3.2, X = 5 14.5 nm, the wavelength of the argon laser in vacuum
and n is the refractive index of the solution. The temperature of the sample holder was
held at constant temperature ±0. 1 °C by a circulating water bath. Each experiment was
repeated twice and the sample was turned between repetitions to examine a different
portion of the gel.
The only exception to the above information is for the polyacrylamide (PAM)
gels in section 3.4.2. This material scattered light so effectively that using the more
powerful Ar laser risked damaging the detector. Instead a lower powered HeNe laser {X
= 632.8 nm) was used to obtain a correlation function.
3.3.3 Analysis of the Correiation Function
The correlation function, recorded by the computer, was analyzed using
CONTfN analysis to calculate the lag times for correlation fijnctions at the angles
probed. This is shown to be an appropriate method of analysis by Fang and others,
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An example of a correlation function for a nonionic gel is shown in Figure 3.2a.
An example of the CONTIN analysis for correlation functions recorded at various
angles is shown in Figure 3.2b. The delay times (i) calculated were converted to F
values via equation 3.8 and graphed versus q^. This is shown in Figure 3.2c for
multiple scattering volumes. A typical correlation ftmction, distribution functions, and
r versus plots are shown for an ionic gel in Figures 3.3a, 3.3b, and 3.3c. The linear
fit is quite good for the large initial peaks in Figures 3.2b and 3.3b. These peaks
represent the elastic mode of the gel. The other peaks present do not show any q^
dependence and are, therefore, not considered in this work. The slope of the line fitted
in Figures 3.2c and 3.3c is D, which is the value reported. The lines shown in figures
3.2c, 3.3c, 3.13c, and 3.14 are fitted such that the intercept is zero, because a non-zero
value of r at ^ = 0 is unphysical. The F versus q^ plots for these materials were linear
with r^ values of 0.9 or greater and only peaks with linear q" dependence are considered.
3.4 Results and Discussion
3.4.1 Ionic Gels Produced from Optically Clear Nonionic Gels with a C% < 4
3.4.1.1 Continuous Volume Changes
As simple control systems consider two nonionic polyacrylamide gels with
different crosslink densities. These were produced from solutions containing a AM:B1S
of 29:1 and 37.5:1 (C% of 3.3 and 2.6) that resulted in gels with molecular weight
between crosslinks of Mc = 95 repeat units and Mc = 130 repeat units respectively. DLS
experiments were performed at various temperatures between 15°C - 45°C, a range that
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brackets both room and physiological temperatures. The D recorded for the two PAM
gels above is shown in Figure 3.4a (solid symbols). Notice that the D value increased
approximately linearly with temperature and that increased crosslink density induces an
increase in D.
From the rheology data (Figure 2.4) we observe that the more highly crosslinked
gel has a higher storage modulus when measured in shear. This is expected for a
crosslinked system and agrees with the observations of D, as Dg = G/f It also agrees
with the work of Skouri^^ et al. who have explored crosslinking density in neutralized
poly(acrylic acid) gels that have been swelled to equilibrium.
One might expect changes in the correlation length for gels with temperature,
particularly in the case of ionic gels in salt solutions, which are discussed later in this
work. Chi of polymer/solvent systems, which indicates solvent/polymer affinity, can be
strongly affected by temperature and therefore influence the correlation length.
Changes in correlation length with temperature have been observed in PVOH gels.'°^
This is not the case for PAM gels in pH 7 Tris buffer solution. One can calculate the
correlation length (^) from equations 3.11 and 3.12 when the viscosity of the solution is
corrected for temperature." ' The linear dependence of D with temperature is indicative
of the independence of the correlation length on temperature. This is shown in Figure
3.4b (solid markers), which agrees with the work of Fang et al.^^
Fang and Geissler " also observe that the correlation length increases and D
decreases with decreased molecular weight between crosslinks. This is in direct
contrast to what is observed in the PAM gels in 3.4a and 3.4b (solid symbols). The
difference between the previously published data and the gels in this work is that the
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gels in literature are used as prepared and are not equilibrated with excess solution.
While this enables eliciting the scaling behavior of those gels, it does not mimic
conditions under which those gels might be used.
During preparation the T% (equation 2. 1 ) of the PAM gel is controlled so that it
is the same for all gels, which should result in all gels having the same volume fraction
ofpolymer as prepared. Polyacrylamide gels are known to swell when placed in excess
solution after preparation. The concentration of polymer in each equilibrated gel is due
the amount of water taken up during equilibration. This in turn is governed by
architectural and environmental factors ^ The gel with number of repeat units between
crosslinks (Mc) = 95 has a polymer volume fraction (0) after equilibration in room
temperature water of (]) = 0.049, whereas the gel with Mc = 130 after equilibration in
room temperature water of has 0 = 0.041 . The gel with the higher crosslink density
takes up less water upon equilibration in excess water. The observation of decreased D
and increased ^ decrease in polymer volume fraction agrees with Fang and Geissler.^^
It is also obser\'ed for neutral gels by others as well.'°^
Next we observe the effect on D of replacing a portion of the pendant
acrylamide groups with acrylic acid groups. This is shown in Figure 3.4a (open
symbols). The percentage of acrylic acid groups in the copolymer in Figures 3.4a and
3.4b (open symbols) is 17% by '^C SSNMR. This data was taken for a gel in a pH 7 10
mM Tris buffer. Despite the decrease in the storage modulus by rheology compared to
the neutral gel, these materials reveal an increase in D by about a factor of two (Figure
3.4a), which agrees with Skouri^^ and Shibayama'^"*, who studied PNIPA-PAA gels.
This indicates a decrease in correlation length (Figure 3.4b), as compared to the neutral
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gel with identical crosslink density. The volume fraction of the PAM gels are
approximately an order of magnitude lower than the PAM-PAA gels produced from
them. As the ionic PAM-PAA gel is more swollen than the PAM gel, the mesh size of
the porous material is larger than that of the nonionic PAM gel. It is clear from this fact
and from Figure 3.4 that the correlation length calculated in Figure 3.4b is not in fact
the mesh size, as stated by Tanaka.
Agam this data is roughly linear over the temperature range explored indicating
an mdependence of correlation length u ith temperamre. This obser\ ation agrees with
what is obser\ ed in the scattering of PNIPA and PNIPA-PAA gels^'. Because these
polymers have an identical acrylic acid content (AA%). the only difference between
them lies in their crosslink density. Therefore it is not surprising, in light of the
behavior of the PAM gels, that the qualitative dependence of D and q on Mc is the same
as m the neutral gels. The gel with the higher crosslink density has a higher D and
lower t, compared to the more lightly crosslinked gel. Of note are the points at 288 K
(15°C) and 293 K (20°C) for the Mc = 95 and AA% = 17, where the reported D is for
scattering \ olumes for which a measurable D exists. There are also a significant
number of scattering volumes where there is are not distinct peaks in the distribution
function, but rather there is a broad distribution. This behavior is addressed in section
3.4.2.
One way to control swelling in these materials is to control the number of
charges on the backbone. One can do this chemically by conversion of acrylamide
groups to acrylic acid groups (as seen in Figures 3.4a and 3.4b) or by controlling the
ratio of dissociated acrylic acid groups to the total number of acid groups present. This
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dissociation, shown in equation 3.13, is affected by pH. Ka is the equiHbrium constant
for the reaction.
-COOH < ' ' -COO"+H^ 3.13
AcryHc acid has a pKaOf 4.25, meaning that a solution with 50% dissociation
will have a pH of 4.25.'°" It is expected that at pH 7 the acid moieties will be
completely dissociated. This assumes that the pH inside the gel is the same as the pH of
the solution surrounding it. This may not be the case as shown by Donnan
c -.-u _ 32. 63, 106-1 12Equilibnum.
Figure 3.5 shows the effect of pH on D for a AA% = 17 charged (blue filled
squares) and a AA% = 0 neutral gel (blue open squares) with identical crosslink
densities (Mc = 130). Within the variation of the heterogeneities of the gel the neutral
gel is unaffected by the changes in pH. The charged gel, however, responds
dramatically to a decrease in pH. The value of D approaches the D for the neutral gel
near pH 3 which is below the pKa of acrylic acid. Below pH 3 the D value for the
charged gel is at or below the value observed for the neutral gel. It is observed that the
swelling of the neutral gel remains relatively unchanged for changes in pH. The
swelling ratio for the AA% = 17 charged gel (red filled circles) with pH is also shown
in figure 3.5 with the D values for the charged gel shown for comparison. Above pH 4
the D value tracks inversely with the swelling ratio, but at values below pH 4 the D
appears to plateau whereas the swelling ratio increases continuously with decreased pH.
This indicates that D and volume fraction are not necessarily related; one could not
scale D solely with volume fraction. This complex behavior of D has been obser\ ed in
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poly(acrylic acid) gels. The observations of the charged gels for pH 4-7 are in
agreement with the swelling experiments done by Shibayama for PNIPA-PAA gel,
whose published data does not go below pH 4.^^ The data in this work is shown only up
to pH 7 as the buffers of higher pH chemically react with the acrylamide groups in the
gels causing changes in D that are related to structural changes as well as pH. PNIPA-
PAA gels are not susceptible to this type of reaction.
Another non-structural method of controlling the effective charge within the gel
is to include either a monovalent or a divalent salt that can screen the pendent charges.
All of the following salt studies were conducted in pH 7 10 mM tris buffer (Figures 3.6,
3.7, 3.9. and 3.10). Figures 3.6a, 3.6b, 3.7a and 3.7b show the effects of salt on PAM-
PAA gels with an AA% = 17 and a Mc = 130 (3.6a and 3.6b) or a Mc = 95 (3.7a and
3.7b). Increased salt concentration decreases D. which is expected as the gels shrink
continuously with increased salt concentration^. For both gels, equilibration in divalent
salt solution decreases D to a greater degree than the monovalent salt solution of
identical concentration. Divalent salts have a greater effect at lower concentrations.
This is likely due not only to the concentration of the salts in the solution, but also to
their ionic strength, which is explored later.
It is interesting to note that the values of D for the Mc = 130 AA% = 17% gel
(figures 3.6a and 3.6b) in low monovalent salt solution (1 mM NaCl) are very close
values of D for the gel in salt free solution at temperatures at or below 298K. The D
values are significantly lower above 298K for the gel in 1 mM NaCl solutions compared
to those in salt free solution above 298K. For a gel in low divalent salt solution (1 mM
CaCb) D is lower at or above 298K. In contrast the Mc = 95, AA% = 17% gel (figures
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3.7a and 3.7b) does not show this temperature dependence for the low salt solutions. It
is possible that difference observed for the Mc = 130 AA%= 17 gel could be due to
scatter in the data rather than a physical phenomenon.
One might expect temperature to have an effect on correlation length and
therefore the temperature dependence ofD since it has been shown that temperature can
dramatically affect the solubility and phase behavior of polyelectrolyte solutions in
multivalent salts For both materials in all solutions the reported D is roughly linear
over the temperature range explored, indicating an independence of correlation length
on temperature, as seen in the neutral gels.
Sah in concentrations as large as lOOmM of either NaCl or CaCl: does not
appreciably affect the D measured for PAM gels over the temperature range of interest
(figure 3.8), which agrees with the observations of Thiel et al.'^. They observ ed that the
mass fraction of polymer in polyacrylamide gels swell in solutions of sodium chloride
and potassium chloride does not change below concentrations of about 1M monovalent
salt. Therefore, any observed changes in D must be due to the interactions of the acrylic
acid groups and the dissolved salt ions.
It is instructive to look at the data in another way. Figures 3.9a (Mc = 130) and
3.9b (Mc = 95) show the D values measured for PAM and PAM-PAA gels versus ionic
strength of the solution in which they were swelled at 20°C. All solutions are buffered
at pH 7. Black symbols are for gels swelled in 0 mM Salt, 10 mM Tris buffer, colored
and filled symbols represent gels swelled in NaCl solutions, and colored open symbols
are for gels swelled in CaCI:. As expected, the AA% = 0 uncharged gel is mostly
unaffected by changes in ionic strength with the exception of the drop observ ed in the
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Mc = 95 gel between the no salt and 1 mM NaCl solution (Ionic Strength = 1 1 mM).
All the ionic gels show a drop in D with increased ionic strength. At Ionic strength =
3 1 OmM ( 1 OOmM CaCb, 1 0 mM Tris buffer) the D values for the ionic gels, have are at
or below the D value of the nonionic gel. Again unlike the ionic gel, the D decreases as
the volume fraction of polymer increases. Both the deswelling and the drop in D are
due to screening of the pendent charges, so there is less apparent charge on the gels.
Another important feature of figures 3.9a and 3.9b, that could support the idea of
a mechanism beyond screening occurs at Ionic Strength = 40 mM (10 mM CaCb, 10
mM Tris buffer). The D values for all charged material are lower than the D values
measured for Ionic Strength = 1 10 (100 mM NaCl, 10 mM Tris buffer). At low divalent
cation concentrations, simple ionic screening may be occurring because a critical
concentration of cations may be required. At higher concentration the diffusion modes
may be slowed not only because of the screening but also because of the condensation
of the counterions onto the polymer chair. This could restrict the motion through
bridging of two charged pendent moieties or by increasing the friction of the polymer
motion within the solvent. Both ionic strength and cation valency appear to be
important for controlling D.
Figure 3.10 shows the data from the AA% = 17 charged gels that are plotted on
the same graph for two different temperatures, 20°C (squares and circles) and 45°C
(triangles and diamonds). All of the gels are in pH 7 10 mM Tris buffer with differing
salt concentrations. When it is examined in this way, a number of features are readily
apparent. At zero salt (black symbols) D for the Mc = 130 is significantly lower than D
for the Mc = 95 gel for both temperatures, as shown in figure 3.4a. For the data at 20°C
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it appears that the D values for both gels are close for all salt concentrations and could
be said to follow the same curve with the exception of the points at Ionic Strength =
1 lOmM (100 mM NaCl, 10 mM Tris buffer). For the data at 45°C the D values at a
given ionic strength for the CaCb solutions are nearly identical; this is also true for the
points at Ionic Strength = 1 lOmM (100 mM NaCl, 10 mM Tris buffer). For lower
concentrations of NaCl there is a large separation between the Mc = 95 and Mc = 130
gels as with the gels in no salt solutions. As with the studies of varied charge density,
the ionic strength increase is an important factor in the value of D, but the valency of
the cations in the salt is also important. The crosslink density is important in the no salt
case at both temperatures, but it is the determinate factor in the value of D only for 1
mM and 10 mM monovalent salt (ionic strengths of 1 1 mM and 20 mM respectively) at
45°C. At lower temperatures, higher monovalent sah concentrations, or divalent salt
concentrations appear to diminish the effect of crosslink density implying that other
factors such as ionic strength and cation valency are dominating the gel behavior.
3.4.1.2 Discontinuous Volume Changes
All of the environmental changes discussed so far (salt concentration, salt
valency, and pH) have caused continuous volume changes within the gels with parallel
continuity in values for D, which are roughly within one order of magnitude. Tanaka
showed that the addition of acetone as a co-solvent can induce discontinuous volume
changes in these materials^. Figures 3.1 la (volume fraction) and 3.1 lb (D) show the
discontinuous volume change with increased salt concentration for gels swelled in
sodium chloride solutions that are 55% acetone by volume. When looking at the
volume fraction prior to the collapse (inset graph in figure 3. 1 1). the gel is more swollen
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in the 55% acetone solution than it is in the aqueous solution at 0 mM and 1 mM NaCl,
which agrees with Tanaka's swelling work on these types of materials.^ At 2 mM the
gel in the 55% acetone solution is less swollen than the gel in aqueous solution. The
slope of the volume fraction versus NaCl concentration is greater for the acetone, but
not dramatically so. If the inset graph were taken by itself, there would be no indication
that the gel would undergo collapse with a slight increase of NaCl. The volume fraction
of the gel increases continuously from 0 mM to 10 mM NaCl and continues through
100 mM NaCl (not shown). At 7 mM NaCl the gel in 55% acetone undergoes a
collapse in which the volume fraction increases by an order of magnitude.
In the scattering data, however, the approach of the collapse is immediately
apparent for the gel in 55% acetone. D drops by two orders of magnitude between
5mM NaCl and 6 mM NaCl, but is still measurable at 6 mM NaCl. The gel is still clear.
This may be indicative of molecular scale heterogeneities that dramatically increase in
size prior to the collapse. There is no scattering data beyond 6mM NaCl because the
sample becomes opaque, and the scattering becomes too large to measure. For
comparison the D measured for gels in aqueous NaCl solutions decreases slightly and
continuously for this concentration range. Figure 3.6a shows the decrease in D with
concentration ofNaCl through 100 mM. This indicates that for the 55% acetone system
there are molecular changes (perhaps clustering of the hydrophobic backbone or chain
rearrangements and increasing heterogeneities) that occur prior to significant volume
changes. Additional studies should be conducted to further explore this phenomenon.
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3.4.2 Ionic Gels Produced from Slightly Turbid Nonionic Gels with a C% > 4
As in 3.4.1, a nonionic gel is considered first. Figure 3.12a shows the behavior
of a Mc = 77 PAM gel with temperature and monovalent sah concentration and figure
3.12b shows its behavior at 20°C with solutions of varied ionic strength. Although the
absolute values for the measured D may be incorrect it is important to note that the
linear q" dependence in the scattering allows for qualitative assessment of the results.
Also the PAM gel is mostly unaffected by ionic strength at 20°C. Salt appears to only
have an effect at 100 mM NaCl (high salt) and at 310 K (37°C) and 317 K (45°C) in
that it reduced D below the values for lower salt and no salt conditions.
Next a PAM-PAA gel produced from the above PAM gel with a Mc = 77 and an
AA% = 15 is considered. The intent was to produce D versus T plots for varied
concentrations of monovalent and divalent salts as seen in figures 3.6 and 3.7. The
actual observed behavior is quite different from the gels in 3.4. 1 and is detailed below.
Figure 3.13a shows a correlation function for the PAM-PAA gel in pH 7 10 mM
Tris buffer at 45°C. Notice that compared to the correlation functions shown in figures
3.2 and 3.3 the decay is significantly broader and longer. In fact the shape of this
correlation function is quite different. Figure 3.13b shows the distribution fLinction
calculated using CONTIN; notice the set of peaks at the far left that show q^
dependence and the numerous other peaks that do not display this dependence. This
may be an indication of heterogeneities at other size scales that do not have a diffiisive
motion. Figure 3. 13c shows the F versus q~ plot for the decay that has a linear
dependence with the D calculated from the slope of this plot labeled. When compared
to the 45°C data from the PAM-PAA gels in pH 7 10 mM Tns buffer shown in Figure
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3.4a, it behaves as expected. It follows the trend that a higher crosslink density gel of
similar AA% has a higher D than matenals with lower crosslink density. Next, the Mc
= 77 AA% = 15 gel is equilibrated in a low monovalent sah solution, a similar
correlation function is recorded and linear f versus q" dependence is observed. Figure
3.14 shows the V \ ersus q" plot for this system as well as the calculated D value. So far
the data is following the trends seen in 3.4. 1
.
Next the results of decreasing the temperature for the gel in Tris buffer are
addressed. Figure 3. 1 5a and 3.1 5bb show the correlation functions for this system at
30°C and 15°C respectively. Notice that the correlation functions appear to be flat at
short time with the broad decay at longer times that was obserx^d in Figure 3.13a.
Figure 3.16a and 3.16b show the distributions functions as calculated by CONTIN.
There is no single peak, but rather there is a broad distribution that can not be further
analyzed.
Returning to 45 °C. where expected D values were observed for gel in no salt
and in low salt (10 mM NaCl) pH 7 10 mM Tns buffer solutions, one can ask what
happens when additional salt is added. Figure 3.17a shows the correlation fiinction for
gel in a pH 7 10 m.M NaCl 10 mM Tris buffer solution. Notice its similarity to the
correlation functions in figure 3.15. Figure 3.17b shows the distribution function
calculated by CONTIN. Again a broad distribution is observ ed, which can not be
further analyzed.
Still at 45°C the question of the effect of a small amount of divalent salt is now-
addressed. One might expect that for a 1 mM CaCb solution a linear F versus q"
dependence would be observed, but that the D would be considerable lower than the D
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recorded for 1 mM NaCl solution. This is not the case. Figure 3. 1 8a shows a
correlation function for the gel in a pH 7 1 mM CaCb 10 mM Tris buffer solution at
45°C. This correlation function is quite different from the other correlation functions
discussed. Figure 3.18b shows the distribution function for this system. Notice that
there are separate peaks, but that they are q independent. Figure 3. 1 8c shows the F
versus q" plot for one of these peaks. This behavior is not limited to CaCh solutions.
Gels in pH 7 100 mM NaCl 10 mM Tris buffers solutions also display this behavior at
some temperatures. Figure 3.19 shows the F versus q' plot for one of the peaks for this
system at 45 °C.
The behavior of this material in monovalent salt solutions at various
temperatures is summarized in figure 3.20, and the behavior in divalent sah solutions is
summarized in Figure 3.21 . Notice that the only conditions under which a D value can
be measured are at 45° C either in no salt buffer or in 1 mM NaCl buffer. These are
indicated by the D values in units of *10"^ cm^/s on the figures. These values are
consistent with the trend observed for ionic gels in figure 3.4a.
For these gels in salt free solutions there is either a measurable D or a broad
distribution. Gels in both monovalent and divalent salts have regions of a broad
distribution and regions of arrested modes that no longer exhibit a diffusive motion.
Recall that the M^ = 95 AA% = 17 gel in 3.4.1 also exhibited a broad distribution for
some scattering volumes at 20°C and 15°C. It appears that these regions are only
present in the ionic systems. They can be induced by an increase in crosslink density, a
decrease in temperature, high monovalent salt, or any divalent salt. This given that the
macroscopic properties of the gels such as the swelling ratio or volume fraction of
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polymer are dependent on a variety of interplaying variables. It stands to reason that the
molecular level behavior should exhibit these complex interactions as well.
3.5 Conclusions
This work demonstrates the effect of gel molecular architecture (crosslink and
charge densities) and environment (solvent, salt content, salt type, pH, and temperature)
via the measurement of D. Architecture and environment are both important and
dominate the behavior in various regimes. D is related to the bulk modulus and the
correlation length and, therefore, encompasses information vital to the design of
responsive "smart" materials.
This fundamental DLS study complements the careful documentation of \ olume
changes in gels w ith changes in the above parameters that is already present in the
literature. The gels show continuous changes in D that track with continuous volume
changes. Increases in temperature increase the value ofD for all of the cases studied.
Changes in temperature in systems consisting of ionic gels in salt solutions shift the
importance of the various components m the determmation of D.
The onset of a discontinuous volume collapse, which is not apparent with
swelling data alone, can be obser\ ed in DLS measurements of D pnor to its occurrence.
This may be indicative of growing heterogeneities prior to collapse.
Increasing the crosslink density increases the size and time scales over which
diffusive modes of the gel occur. At high enough crosslink density the time scale is too
long to be captured during the scattering experiments. Increases in temperature reduces
the time and length scales allowing the capture of these modes. This suggests a
temperature - crosslink density superposition. Solution environment also plays a role in
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this behavior, which is markedly different from the discontinuous collapse observed
with the 55% acetone samples in 3.4.1.2. Although motion is arrested the gel is neither
collapsed nor opaque.
Laser Light
Detector
Figure 3.1: Schematic of DLS Experiment
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Figure 3.2: Typical DLS data and analysis for a nonionic polyacrylamide gel with a
Mc = 130 in pH 7 lOmM Tris buffer at 30°C a) correlation function, b) CONTIN
analysis of correlations at various angles to calculate decay time (t), c) and F
versus for multiple scattering volumes
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Figure 3.3: Typical DLS data and analysis for anionic PAM-PAA gel with a Mc =
130 AA% =17 at 20°C in pH 7 10 mM CaCh 10 mM Tris buffer a) correlation
function, b) CONTIN analysis of correlations at various angles to calculate decay
time (t), c) and T versus q" for multiple scattering volumes
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Figure 3.7: Measurements of D (cm Is) for a PAM-PAA gel Mc = 95, AAVo = 17 in
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Figure 3.15: Correlation function for a PAM-PAA Gel with Mc = 77, AA% = 15 in
pH 7 10 mM Tris Buffer at a) 30°C b) 15°C
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Figure 3.16: Distribution function for a PAM-PAA Gel with Mc = 77, AA% = 15 in
pH 7 10 mM Tris Buffer at a) 30°C b) 15°C
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CHAPTER 4
CONCLUSIONS AND FUTURE WORK
4.1 Conclusions
This work demonstrates the effect of gel molecular architecture (crosslink and
charge densities) and environment (solvent, salt content, salt type, pH, and temperature)
via the measurement of D. D is related to the bulk modulus and the correlation length
and, therefore, encompasses infomiation vital to the design of responsive "smart"
materials. This fundamental DLS study complements the careful documentation of
volume changes in gels with changes in the above parameters that is already present in
the literature.
One of the important observations is that when nonionic pendant groups are
replaced by ionic pendant groups the volume fraction of polymer in the gel decreases
dramatically. This also causes an increase in D and a decrease in the correlation length.
The decrease in correlation length with increased swelling shows that the correlation
length is not the mesh size of the material as stated by Tanaka. This effect in D is
exactly opposite to what occurs in nonionic gels, like the PAM gels, where the increase
volume fraction and D increase together. It agrees with the observations made on PAA
homopolymer gels^^ and PNIPA-PAA copolymer gels.'"''" ""^ Adding salt to the ionic
systems increases the volume fraction and decreases D. thereby increasing the
correlation length, which is consistent with the above observations. Changes in pH
have a similar effect above the pKa, whereas below the pKa the volume changes no
longer track inversely with the changes in D.
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With the notable exception of the pH data below the pKa, gels show continuous
changes in D that track with continuous volume changes. The onset of a discontinuous
volume collapse, which is not apparent with swelling data alone, can be observ ed in
DLS measurements of D prior to its occurrence. This slowing down by two orders of
magnitude may be indicative of growing heterogeneities that increase dramatically in
size prior to the collapse, despite the gel remaining optically clear.
Increasing the crosslink density increases the size and time scales over which
diffusive modes of the gel occur. At high enough crosslink density the time scale is too
long to be captured during the scattering experiments, hicreased temperature reduces
the time and length scales allowing the capture of these modes. This suggests a
temperature - crosslink density superposition. Solution environment also plays a role in
this behavior, which is markedly different from the discontinuous collapse observed
with the 55% acetone samples in Chapter 3. Although motion is arrested the gel is
neither collapsed nor opaque.
4.2 Future \A ork
One of the more pressing questions about these materials, particularly with
regard to their use as "smart." responsive materials, concerns the motion of counterions
(and associated osmotic pressures) in relation to material properties in order to better
understand the balance of forces governing discontinuous phase behavior in
polyelectrolyte gels. This behavior has been described as a balance of competing
forces.^' At equilibrium, the forces must sum to zero; however, depending on the
regime, different forces should dominate the macroscopic material properties and
behavior. It is known that under certain conditions the application of an electric
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potential across a polyelectrolyte gel can produce discrete volume changes.
'^'^^"^^
Shape and volume changes can also be induced by varying crosslink density, polymer
charge density, solvent, pH, sah concentration, and counter-ion valency changes.^' ^"
'"^
30-41, 81
^j^g^ j^^g |3ggjj explored for ionic gels in an electric field are the motions of
the ions in the system and the concurrent changes in material properties such as storage
(G') and loss moduli (G"). The proposed work explores this concept for a single type of
polyelectrolyte gel.
For gels in an applied electric potential, a link is expected to exist between ion
mobility and macroscopic properties, such as storage and loss moduli. Three
mechanisms of ion mobility are suggested. These are surface conduction, bulk
conduction, and mixed conduction. Surface conduction implies that counterions move
via adsorption to and desorption from the charges bound to the polymer chain (Figure
4.
1 ). Bulk diffusion implies that the counter ions move in response to the applied field
without adsorption to the bound charges (Figure 4.2). Mixed (Figure 4.3) diffusion
would have both mechanisms occurring simultaneously.
The mechanism for ion movement can be elicited from impedance
measurements. This has particular implications for multivalent counterions. In
simulations it has been shown that in the absence of an electric field, multivalent ions
can drive gel shrinking (as compared to an identical gel with monovalent counterions)
both by acting as effective crosslinks for the network and by reducing the osmotic
pressure arising from the counterions.'^"^ The way in which these ions move in the
presence of an electric potential should affect the effective number of crosslinks and
counterion entropy, drastically altering the macroscopic properties of the gel. It is
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probable that the mechanism observed will depend on both structural factors, such as
the density of charges on the polymer, and environmental factors, such as ionic strength
and salt concentration. Understanding the regimes in which each mechanism dominates
will enable the design of materials with properties that can be tuned to specific
applications. Although this is a simple synthetic system, the knowledge gained will aid
in the understanding of complex, yet analogous, biological systems.
+
Figure 4.1: Surface conduction of an ionic gel in an electric potential
+
Figure 4.2: Bulk conduction of an ionic gel in an electric potential
+
Figure 4.3: Mixed conduction of an ionic gel in an electric potential
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